Analysis of the Rapid Central Melt Pool Flow in Hybrid Laser-Arc Welding  by Alam, M.M. & Kaplan, A.F.H.
 Physics Procedia  39 ( 2012 )  853 – 862 
1875-3892 © 2012 Published by Elsevier B.V. Selection and/or review under responsibility of Bayerisches Laserzentrum GmbH
doi: 10.1016/j.phpro.2012.10.110 
LANE 2012 
Analysis of the rapid central melt pool flow in hybrid laser-
arc welding 
M.M. Alam , A.F.H. Kaplan 
Luleå University of Technology, Department of Engineering Sciences and Mathematics, 97187 Luleå, Sweden 
 
Abstract  
Hybrid laser arc welding creates a long weld pool tail. By high speed imaging the melt velocity behind the keyhole 
was measured to be very high, of the order of meters per second. Fluid dynamics simulation was carried out locally in 
the central axial plane of the pool tail. The high speed melt layer redistributes its momentum to slow movement of the 
deeper bulk. The consequences of initially high melt speed and its mass flow redistribution on the formation of the 
central reinforcement peak are discussed. 
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1. Introduction 
 
Hybrid laser arc welding (HLAW) combines two heat sources with different physical properties and 
mechanisms, namely laser welding and MAG-arc welding, combining their complementary advantages 
but also their complexity [1]. The occurrence of defects like undercuts has direct impact on the quality 
and strength of the welded joint [2]. Different types of undercuts can be distinguished, e.g. curved, crack-
like and micro-flaw types. Fig. 1(a) shows a typical curved undercut from HLAW, while Fig. 1(b) shows 
the scanned three-dimensional surface topology of the weld with a distinct top reinforcement 
accompanied by an undercut. The mechanisms of the formation of two types of undercuts during HLAW 
process were deeper analyzed by high speed photography and micrography [3]. 
Nowadays the complex flow conditions in the arc, keyhole and melt pool in HLAW have been studied 
by high speed photography [3], e.g. different drop flight trajectories for leading or trailing arc, with or 
 
 
* Corresponding author. Tel.: +46-920-493917 ; fax: +46-920- 4922 28 . 
E-mail address: minhaj.alam@ltu.se . 
Available online at www.sciencedirect.com
© 2012 Published by Elsevier B.V. Selection and/or review under responsibility of Bayerisches Laserzentrum GmbH
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
854   M.M. Alam and A.F.H. Kaplan /  Physics Procedia  39 ( 2012 )  853 – 862 
 
without gap [4,5]. Streak imaging was recently developed [6] to estimate the melt speed distribution at the 
front centreline of the keyhole during laser welding but also to measure the surface velocity along the 
melt pool during HLAW [4]. This is a valuable input for further numerical analysis in the present study 
into the pool depth, which is otherwise only accessible by special X-ray transmission imaging.       
Comprehensive numerical simulations of the weld pool flow during laser beam welding (LBW) [7] 
and hybrid welding [8-11] were carried out by Computational Fluid Dynamics, (CFD), accepting 
uncertainties in the boundary conditions. Transport phenomena and absorption mechanisms during hybrid 
laser-MIG welding were modelled [8]. A 3D heat transfer and fluid flow model was developed [9] to 
study the hybrid laser-GTA welding process. A VOF (Volume of Fluids) model was established [10] to 
explain humping in HLAW. A comprehensive numerical model of the molten pool in GMA-laser hybrid 
welding [11] enabled to describe complex flow patterns. All above models revealed complicated 
phenomena during hybrid laser welding globally, keeping the complexity and uncertainty high, but they 
did not focus locally on specific areas to dig out the detailed information. To reduce uncertainties, 
simplified numerical analysis to understand phenomena in a local zone is done in the present work.  
So far, from high speed imaging and numerical simulations a better understanding of the geometry 
and of certain flow phenomena during LHAW has been achieved. Many phenomena have hardly been 
studied in an explicit manner, e.g. undercut formation and the competition between sub-mechanisms.  
Therefore we recently studied [3, 4] the melt pool flow during HLAW (with leading arc) in more 
detail, including an explicit description, see Fig. 1(c). The surface flow is a sequence of (i) accelerating 
the melt to a thin, fast layer in the leading pool (gouge) by the magnetic force of the pulsed arc, followed 
by (ii) the addition of the impinging melt drop, trying to adhere at the gouge walls, (iii) then gradual 
resolidification laterally inwards, where possible undercut formation starts, followed (iv) by the keyhole 
in the centre, to be passed by the central flow, and a long, narrow weld pool tail (caused mainly by the  
laser beam) where the melt behind the keyhole is at high speed and depressed, gradually emerging to 
form the central peak, simultaneously with resolidification from the sides. For this basic reference 
mechanism, in [4] the impact of geometrical joint edge variations was studied. Eventually, the central 
peak and undercuts result from redistribution of geometry and mass, through the melt flow, from the 
initial joint geometry and from drop addition. The here presented study extends this qualitative 
understanding by quantitative analysis of the melt flow into depth. 
Here, initially the long weld pool tail is observed by high speed imaging, including measurement of the 
surface velocity distribution along the centreline. Due to the discovery of very high melt velocity at the 
beginning of the tail, the flow behaviour in this important zone is studied by simplified CFD-simulation, 
particularly into depth. From analysis and generalizing of the local flow simulation results, finally the 
theoretical findings are described and discussed in the wider context of the weld pool tail, including its 
weld peak and undercut formation. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.  (a) hybrid laser-arc weld cross section (steel, 8 mm); (b) scanned weld surface topology; (c) sketch of the laser-MAG 
hybrid welding process, including the melt pool tail flow and studied zone, weld peak and undercuts 
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2. Experimental observations 
 
Among a larger series of hybrid welding experiments, a representative situation was chosen as a 
reference for deeper understanding. The selected hybrid laser-MAG welding experiment was carried out 
using a 15 kW Yb:fibre laser (IPG; BPP 10.4 mm·mrad, fibre diameter 200 m, wavelength 1070 nm), 
operated at 8 kW, together with MAG arc welding (ESAB Aristo LUD450W), operating in pulsed arc 
mode. The laser beam axis was tilted to 7º, trailing. The arc torch was inclined at 52º, leading. The 2:1-
optics focused the laser beam to a 400 m spot (Rayleigh length: ±3.5 mm). More details about the 
process parameters are given in [4]. Plates of high strength steel DOMEX 400 (mill scale removed), 
thickness 10 mm and length 200 mm were welded. Square butt joint edges were laser-cut, for zero-gap.  
During welding, high speed images were taken, see Fig. 2(a). The process was illuminated by a diode 
laser (pw, 500 W peak power), eliminating the process light by a narrow band pass (808 nm) camera 
filter. The camera (Redlake HS-X3), observing the process from the side, tilted at 45º, was operated at 
3000 fps. The images were analysed by a new streak technique [6], see Fig. 2(b), where the trajectory of 
the weld pool centreline is plot as a function of time. The velocity distribution along the centreline can be 
obtained as the first derivative in time. Very high melt flow velocity of the order of meters per second 
was identified at the surface of the melt pool tail, just behind the keyhole. This high initial speed, 
v0=1.65 m/s for the trajectory shown in Fig. 2(b) (inclination of the red tangential line), slows down to 
welding speed (here vw=0.035 m/s, hence factor 47) in two phases A, B towards the solidification end of 
the tail, which will be shown later in a graph. To better understand the impact of the high speed on the 
weld pool tail, the first slow down zone, A, highlighted in Fig. 1(c) and 2(a), was chosen as the zone to be 
studied deeper by simulation. From statistical evaluation of a series of 23 trajectories [4] the top speed v0 
varied between 1.0-2.2 m/s. For the below simulation we have chosen a top speed of v0=1.5 m/s (factor 
42 to vw) as a representative case. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a)             (b) 
Fig. 2.  (a) high speed image of the weld pool surface; (b) extracted streak image showing the central trajectories of the weld pool
tail; the two slow down zones A and B are indicated; for one trajectory the top speed v0 and the final welding speed vw are
shown by red lines 
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3. Numerical simulation model 
 
The computational domain is divided into two phases/domains: the molten pool tail behind the 
keyhole and the surrounding gas, see Fig. 3 (the solid domain can be ignored for the flow simulation).  
 
 
 
 
 
 
 
 
 
 
 
 
The simulation is reduced to the central (vertical) xz-plane in which the observed high melt speed is 
expected to slow down. Once this key phenomenon is better understood, geometrically more complex 
computations are planned. The computational domain has a length of 30 mm as well as a pool-length of 
x3-x0=20 mm, as measured from high speed imaging, and an assumed initial depth of 3 mm. A realistic 
interface for the resolidification front was assumed from earlier simulations. As thermodynamics was not 
considered for the sake of simplicity, the front shape remains constant. The initial shape of the top surface 
was described by a simple polygon to approximate the observed long depression followed by a gradual 
lift to the weld peak level. Due to the free boundary model, during the simulation the initial shape 
gradually develops to the final shape. The remaining larger part of the domain is the surrounded gas (here 
air for simplicity, having low impact). The simulation was optimized for a widely uniformly structured 
mesh composed of around 5000 hexahedral cells. A refined mesh down to 15 μm resolution has been 
introduced in the interface region between the melt pool and the air.  
To numerically solve the set of Navier-Stokes equations and the VOF, the CFD-code FLUENT 12.1 
was used. As the main goal was the basic understanding of the slowdown of the very high speed, 
temperature dependencies of the properties (e.g. surface tension, viscosity) were not taken into account 
here. The following basic assumptions were applied: Only the weld pool tail is studied, as being a 
downstream process. Starting from assumed initial conditions, the simulation tends to quasi-steady state. 
Heat conduction is not considered; instead a certain solid-liquid interface is assumed as the quasi-steady 
boundary. The computation is reduced to the xz-plane, i.e. to 2D-geometry. Only Zone A just behind the 
keyhole is studied in detail, i.e. less accuracy in the other domains is acceptable. The surrounding gas, 
shielding gas and metal vapour surrounded by air, is described by air, as playing a minor role. All 
material properties are assumed independent of temperature. The molten metal is assumed as an 
incompressible laminar fluid with Newtonian viscosity. A free surface multiphase model was adopted 
where the interphase movement melt-gas was studied.  
The boundary conditions are indicated in Fig. 3. The left boundary is described as an inlet, just behind 
the keyhole position. A prescribed depression was given, assumed z1=1 mm (as indicated from high speed 
imaging), that according with the depth of the melt at the inlet, assumed z2=3 mm, and the measured top 
speed of 1.5 m/s needs to fulfil the mass balance. The mass balance is determined by the welding speed 
vw=35 mm/s and depth z2 as a mass flow (per unit width), vw 2 = 105 mm2/s. This match is achieved by 
Fig. 3.  Geometry and boundary conditions for the numerical simulation of the weld pool tail (central plane) 
 M.M. Alam and A.F.H. Kaplan /  Physics Procedia  39 ( 2012 )  853 – 862 857
 
a user defined function (UDF) that was developed to describe the velocity profile in the inlet. As the 
UDF, a 45 μm thin layer was chosen where the top speed v0 gradually drops to the welding speed, below 
this layer remaining constant. Note that for this very high speed and the geometry only such rapid decay 
fulfils the mass balance, so there is limited uncertainty in interpretation. The integral of the velocity inlet 
UDF is equal to the above mass flow. The quasi-steady resolidfication front can be simulated by an outlet 
with horizontal welding speed vw=35 mm/s. A horizontal pressure-outlet condition is defined for the 
outgoing air, keeping the atmospheric air pressure of p=105 Pa. The remaining boundaries are set as walls.  
As initial melt flow field, the inlet UDF (constant over time) was repeated along the tail, geometrically 
adapted in pool height. These initial conditions overestimate the flow top velocity, but are a suitable start 
for convergence and to interpret slowing down the high top speed. Fixed time stepping was applied 
(10,000 times steps of 1 μs, for 10 ms flow evolution). 
 
4. Computed flow field: results and discussion 
 
4.1. Analysis of the first slow-down 
 
A flow field case that is regarded as representative was studied to better understand the phenomena. 
For this reference case a top speed v0 of 1.5 m/s was chosen, according to the typical velocities obtained. 
The welding speed vw is 35 mm/s. The material properties correspond to low C-steel. Fig. 4(a) shows the 
calculated flow field of the weld pool tail in the xz-plane, after 1 ms. A magnification of the studied zone 
is shown in Fig. 4(b). Figure 4(c) shows the velocity field (again magnified) after 5 ms. As can be seen, 
the initially fast top surface layer v(x) rapidly slows down along the tail, see also Fig. 5(b) and the melt 
surface is slightly lifted up, Fig. 5(a), by a wave. The velocity distribution along the central axis of the 
tail, which is derived from the highlighted streak trajectory in Fig. 2(b), is shown in Fig. 5(b) for 
comparison. Here the two slow-down zones mentioned above can be clearly seen, i.e. the very high 
experimental melt speed of 1.65 m/s in zone A just behind the keyhole rapidly slows down to about 
0.5 m/s, then in the middle of the tail only moderately decays and at the end of the tail in zone B again 
strongly slows down from 300-400 mm/s to the welding speed of 35 mm/s. 
From the simulation, after development of the flow with time, a similarly strong slow-down in zone A 
can be seen. The second slow-down zone B was not studied deeper due to higher flow simulation 
uncertainties at the pool end. The vertical melt velocity profile v(z) is shown in Fig. 6(a)-(c) for three 
locations x and four time steps t.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.  Calculated velocity field v(x,z) of the reference case in the  central xz-plane: (a) vector field after 1 
ms; (b) magnified zone after1 ms; (c) magnified zone after 5 ms (scale: speed in m/s) 
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Fig. 6(d)-(g) also shows the mass flow redistribution vertically across the melt, that is here divided into 
three layers, top (z = -1.0 … -1.047 mm), transition (-1.047… -1.210 mm) and bulk (-1.210 … -3.0 mm). 
The height of the bar segments corresponds to the vertical integral of the velocity across one layer for a 
certain location x and time t. Due to quasi-steady state conditions (as experimentally observed, with slight 
temporal variations in the simulation due to the surface wave), the total integral is the overall mass flow 
rate that corresponds to the welding speed multiplied by its cross section (per unit width, as 2D here), 
shown in Fig. 6(g). The initial conditions that are equivalent to the inlet flow, see Fig. 6(a)-(c) for t0=0, 
are shown in Fig. 6(d) as t0=0 for comparison. Note that the studied zone starts at a depressed z-level 
while the final weld has a reinforcement peak after gradual lift of the melt later in the tail, resulting in an 
additional peak layer (1 mm thick) that contains no melt flow in the studied zone.  
As can be seen, the initially high velocity rapidly slows down. The mass flow is redistributed from the 
thin, fast top layer to the transition layer and eventually to the much deeper bulk. The velocity in the bulk 
is not high but still in its upper part significantly higher than the welding speed. Therefore, due to the 
large bulk extension the overall mass flow remains relatively high, in turn keeping the surface level low. 
Other hypotheses were that the pool slows down by rapidly becoming higher in z0, or that the inertia 
keeps the thin velocity layer fast for a longer distance (as is the case for Marangoni flow, however with 
permanent acceleration). The first hypothesis, of transferring the momentum rapidly to the bulk, was 
confirmed while the other two were abandoned. Nevertheless, along the long tail the surface gradually 
rises along with slowing down the speed – however delayed. 
Fig. 5.  (a) Surface geometry 1 and (b) surface velocity distribution v(x) along the centreline for four time steps; a
measured velocity distribution from the experimental streak method is also plotted 
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Fig. 6.  Calculated vertical melt velocity profile v(z) at (a) position x=2.5 mm;(b) x=5mm; (c) x=7 mm, for 4 time steps, and (d)-(f) 
corresponding redistribution of mass flow (bars show the change from top layer to bulk); (g) mass flow reference for the 
final weld 
 
4.2. Generalizing proof of the findings 
 
To generalize the findings, the phenomena and trends that were obtained for the above selected case 
were studied and proven to remain similar for different situations. The numerical study is driven by the 
discovery of very high melt speed measured behind the keyhole that ranged from 1.0 m/s to 2.2 m/s, i.e. 
factor 29 to 61 compared to the welding speed (35 mm/s). Hence the influence of the top speed on the 
simulation results was assessed, too, for generalizing the trends. While for the reference simulation 
1.5 m/s was chosen as a representative top speed, a simulation was carried out for half the top speed, i.e. 
v0=0.75 m/s (21 times the welding speed). The UDF for the inlet profile was accordingly adopted 
(flattened, thicker layer) to fulfil the steady state mass balance. The flow field for half the top speed is 
calculated and Fig. 7(a) compares the vertical velocity profile v(z) for the two top speeds (at x=7 mm, for 
t1 and t2) and shows the temporal development of the mass flow redistribution for half the top speed, and  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.  (a) vertical velocity profile v(z) at x = 7 mm for two top speeds v0=1.5 m/s and v0=0.75 m/s, at t=1 ms and t=5 ms, 
and corresponding mass flow redistribution; (b) surface velocity profile v(x) for v0=1.5 m/s and v0=0.75 m/s, at t=1 
ms and t=5 ms 
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Fig. 7(b) shows the corresponding surface velocity distribution v(x). Comparison of these two speeds and 
their mass flow redistributions has confirmed the trends of the reference case, mainly scaled down to 
lower velocity. The absolute speed value has little influence on the flow development of this model. The 
speed profile remains similar and scalable. 
Beside different top speed, also different viscosity was proven to confirm the trends, leading to a 
flatter vertical speed profile for double viscosity and to a steeper profile of similar type for half viscosity. 
 
5. Theoretical description and discussion 
 
The above results on the studied high speed regime A are essential when brought into context with the 
whole laser hybrid welding process, as shown in Fig. 8. The first, outer part of resolidification takes place 
at the borders of the leading melt pool, generated by the electric arc. The second, central part of the 
resolidification takes place at the borders of the long, more narrow weld pool tail. Just behind the keyhole 
very high melt flow velocity became evident by high speed imaging, originating from acceleration by the 
strong magnetic forces of the leading arc. The very high velocity corresponds to a shallower melt pool, 
hence maintaining the mass balance for the observed quasi-steady-state flow along the tail. Because the 
melt surface level is below the sheet surface, possible undercut formation that has already started at the 
leading wider pool can here further develop during resolidification. The very high melt speed is slowed 
down for a first time by viscosity that redistributes the very high velocity of a thin upper layer to the large 
bulk of the weld pool that moves slightly faster than the solid welding speed, being the basic findings 
from the above simulation. 
 
 
 
 
 
 
 
 
     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Illustrative theoretical description of the hybrid laser-arc weld pool tail mechanisms: (a) weld cross
sections (material top, left half, ref. Fig. 1(a)) showing the mass redistribution and resolidification along
the weld pool; (b) weld pool image; (c) long section of the weld pool (central plane); (d) indication of
mass redistribution along the weld through velocity and cross section changes 
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Since the overall speed of the melt (and in turn the mass flow) is still significantly higher than the 
welding speed, the surface is still at low level. The borders of the long weld pool tail continuously 
solidify inwards, growing the weld, as schematically visualized in Fig. 8 by its cross sectional shape. The 
elevated speed of the weld pool disturbs and delays the solidification growth of the metal, still supporting 
undercut growth, and it adds convective heat transfer, being a cause for the very long weld pool tail. 
Towards the rear of the weld pool tail the bulk further slows down, accompanied by gradual elevation of 
the melt pool surface, at a certain point exceeding the sheet surface level, i.e. the undercut growth turns 
into building up of the central reinforcement peak. While the cross section becomes smaller and the speed 
lower, at the tail of the weld pool the melt velocity is strongly slowed down a second time, now to the 
final welding speed, accompanied by elevation to the final reinforcement peak in the centre. 
Owing to quasi-steady state conditions, exchange between high speed and high cross section (surface 
level) takes place. The initially very high speed causes a low surface level that supports the growth of 
undercuts. The high speed contribution is in two slow-down zones transferred to larger cross section, 
eventually lifting the melt over the steel surface level. However, this slow down and transfer happens 
slowly, as shown by the numerical simulation, hence pronouncing the undercut growth for a while, before 
the reinforcement peak is built. The global thermodynamics is delayed towards a longer pool tail and 
slower resolidification.  
Further numerical and experimental studies are needed for complete understanding of the formation of 
the undercuts and of the reinforcement. These are two essential weld quality criteria that have strong 
impact on the strength, as stress raisers and for fatigue crack propagation. However, from the above 
described wider context of the mechanisms in the weld pool tail and from the findings of the present 
study several hypotheses can be postulated on how to suppress undercut formation, e.g. reduction of the 
top speed through optimized magnetic arc forces, trailing arc, or matching the laser and arc parameters. 
 
6. Conclusions 
 
(i) Hybrid laser welding with leading arc tends to undercuts despite excess of material from the wire. 
(ii) From high speed imaging very high velocity of the melt surface at the beginning of the long tail was 
discovered, rapidly slowing down in two stages. 
(iii) The melt speed reached 1.0-2.2 m/s, here a factor 29-61 times the welding speed, probably driven by 
the arc pressure. 
(iv) Numerical simulation of the flow field has shown that the mass flow of the high-speed-layer rapidly 
is redistributed to the much thicker melt bulk, increasing the bulk velocity above the welding speed. 
(v)  This trend is different to other high velocity phenomena such as Marangoni convection; the behaviour 
remained similar for different viscosity or top speed. 
(vi) We postulate the hypothesis that higher bulk speed elongates the pool and delays lateral 
resolidification, favouring flow to the centre which emphasizes the central weld peak and undercuts. 
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